It is usual to study the sensitivity of metabolic variables to small (infinitesimal) changes in the magnitudes of individual parameters such as an enzyme concentration. Here, the effect that a simultaneous change in all the enzyme concentrations by the same factor a (Co-ordinate-Control Operation, CCO) has on the variables of time-dependent metabolic systems is investigated. This factor a can have any arbitrary large value. First, we assume, for each enzyme measured in isolation, the validity of the steady-state approximation and the proportionality between reaction rate and enzyme concentration.
INTRODUCTION
Enzymologists have been studying the kinetic properties of isolated enzyme-catalysed reactions for many years. In the great majority of the reactions the steady-state rate is proportional to the total enzyme concentration. Many exceptions to this property are reported, and this fact is often connected with the existence of subunit associations (see, e.g., Kurganov, 1978) . Another common characteristic of most enzyme assays is that the rate remains constant during the early course of the reaction. Some examples are, however, known where the 'initial' rate increases (lag) or decreases (burst) in time (see, e.g., Neet & Ainslie, 1980) . In these cases the steady-state assumption for the concentrations of the different enzyme forms is violated.
Enzyme-catalysed reactions are the building blocks of metabolism, and the knowledge of their kinetic features is an important step towards understanding how metabolic networks behave. Nevertheless, we must note that these individual reactions are part of a system where the components influence each other in intricate ways. In metabolic systems the metabolite concentrations are not held constant, as in traditional enzyme kinetic assays. In these systems the rates (i.e. fluxes) affect the metabolite concentrations, and these in turn affect the rates (Kacser, 1987) . We must conclude that all the components contribute to the system behaviour to some extent. However, if a component is replaced by a different one, are the properties of the system significantly changed? Or, to particularize the question, is a particular kinetic feature of an enzyme-catalysed reaction (e.g. rate non-proportional to enzyme concentration) relevant to the behaviour of a metabolic variable when the enzyme concentration is changed? As we show in the present paper, the existence of strong deviations from proportionality between rate and enzyme concentration (in a traditional assay) may be almost irrelevant when the enzyme concentration is changed within a metabolic network, whereas in other cases small deviations from proportionality (measured in isolation) may be greatly amplified in the system. Similar conclusions apply to enzymes that exhibit lags or bursts. Furthermore, we show how the quantitative importance of the effects that these kinetic properties of enzymes have on a metabolic variable may be experimentally determined. The relationships and methods developed in the present paper apply to time-dependent metabolic systems. They enable one to analyse the properties of the instantaneous values of a timedependent variable as well as the properties of the time-invariant variables that may be defined from the time course (e.g. steadystate values).
PARAMETERS AND VARIABLES
A metabolic system is, basically, a network constituted of molecules, xi, 'connected' by chemical reactions. This is usually represented by a 'static' metabolic map, but in our treatment we wish to study some quantitative aspects of its dynamical behaviour. The rates of interconversion between each pair of molecules are given by the rate laws, Vk. These may be functions ofthe concentrations, xi, involved (free metabolites, free enzymes, enzyme-metabolite complexes, enzyme-enzyme complexes etc.), temperature, pressure, pH, ionic strength etc. The 'parameters' of the system are the quantities that can be manipulated independently of each other. Once their values are fixed at the initial point of time, they remain constant during the whole interval of time that the system is studied. In what follows, we consider as parameters the total concentration of each enzyme (free plus complex forms) and physicochemical quantities such as temperature and pressure. The fluxes or free concentrations that act as inputs of the system (e.g. sources and sinks of matter and external effectors) are either held constant or changed in time in Abbreviations used: CCO, Co-ordinate-Control Operation; D-plot, Direct co-ordinate-control plot; R-plot, Rescaling co-ordinate-control plot; RPS-plot, Reference-Point Sensitivity co-ordinate-control plot; PPS-plot, Point-to-Point Sensitivity co-ordinate-control plot. some pre-determined way (an example of the latter situation is given in Markus et al., 1984) .
The 'variables' of the system are the quantities whose values depend on the values of the parameters. We may define two types of variables, namely time-dependent and time-invariant, whether their magnitudes do or do not change with time respectively. The instantaneous concentrations xi, mentioned above, and other quantities that are functions of these concentrations (e.g. fluxes) are time-dependent variables. The successive values that they take in time depend on the values to which the parameters and initial concentrations are set at the initial time. Examples of timeinvariant variables are the stable steady-state concentrations and fluxes, the transition time of a metabolite or a pathway (Easterby, 1981 (Easterby, , 1986 ) to a stable steady state, the period and amplitude of variables that exhibit sustained oscillations (Hofmann et al., 1985; Goldbeter & Moran, 1987; Mizraji et al., 1988) and the maximum Lyapunov exponent that characterizes a chaotic regime (Hess & Markus, 1987 
THE CO-ORDINATE-CONTROL OPERATION (CCO)
It has been traditional to investigate systems by a sensitivity analysis of the variables with respect to specific parameters. Thus control analysis (Kacser & Burns, 1973; Heinrich & Rapoport, 1974) considers the responses of metabolic concentrations and fluxes to modulations of any one of the parameters of the system. Some progress has been made to use this approach to detect deviations from the assumption of proportionality between rate and enzyme concentration in steady-state systems . The subscripts r and a are used to indicate the value of a parameter or variable before (reference) and after the CCO is applied respectively. We use this operation throughout the following treatment. This approach reveals certain simple properties of time-dependent metabolic systems, when some assumptions are made (see below). Furthermore we suggest how the resulting relationships, and hence the assumptions made, may be experimentally tested in reconstituted systems or biological extracts. We discuss the practical problems associated with attempting to apply a CCO in a subsequent section.
ASSUMPTIONS
We now make some assumptions concerning the properties of the metabolic system. These are used to derive some theoretical consequences of the CCO in sections 5 and 6. The analysis of cases where there is a breakdown of the assumptions is considered in sections 9-11.
In the general case (see section 2) the q concentrations xi that appear in eqns. (1) may be classified in two groups: n free metabolite concentrations, Si, and q -n enzyme concentration in their different forms (free or combined with metabolites), Ci. If the steady-state approximation for the concentrations Ci is plausible, then dCQ/dt = 0 for each C, (Segel, 1988 (Selwyn, 1965) ; (see also Cornish-Bowden, 1979 (5) and (8) 
that is a simultaneous increase (decrease) in all enzyme concentrations by a factor a causes a decrease (increase) in the value of T by the same factor.
B. Co-ordinate control of a transition to a stable steady state If the metabolic system is one that approaches a stable steady state, after a long enough period of time the variables exhibit (11) and (12) show the effect that the CCO has on the steady-state metabolite concentrations and fluxes.
To characterize the transition between the initial conditions and the steady state one may use the transition time as defined by Easterby (1981) . This is, of course, a time-invariant variable that behaves according to eqn. (10) 
Besides the period and amplitude, another quantity that may be used to characterize an oscillatory regime is the mean value in a
It is important to note that we evaluate the mean value in an interval of time equal to the period of oscillation. When the CCO is applied the resulting mean value can be written as follows:
T.
Y{ .dt
Yx=. o T (18) In the following, we discuss the relationship between Y" and F.
when the variable is a metabolite concentration or flux that shows stable oscillations. As was mentioned above, the period of oscillation, T, satisfies eqn. (10). If Y is a metabolite concentration, eqn. (8) is fulfilled and can be written in an equivalent way: Si =(t) = Si ,(at). Using this equation together with eqns.
(10), (17) and (18), and properties of integrals, we finally obtain:
Si, So
In the case where Yis a flux, eqns. (9), (10), (17) and (18) 
In other words, the simultaneous change of all enzyme concentrations by a factor oc does not affect the mean values of the metabolite concentrations, but alters all the mean fluxes by the same factor (being the mean values evaluated in a period of oscillation). Eqns. (19) and (20) may be seen as equivalent to the steady-state conditions (11) and (12) when stable oscillations are considered.
CLASSIFICATION OF THE VARIABLES
In sections 5 and 6 we considered the effects that the CCO has on time-dependent and time-invariant variables respectively. In each one of these groups we may distinguish variables that behave like a metabolite concentration (S-type) or like a flux (J-type). Such a classification may serve as a summary of the relationships established and constitutes the basis ofexperimental tests.
A. Time-invariant variables
All the time-invariant variables, Y, considered in section 6, may be classified in two groups, S-type and J-type, according to the expected response when the system is subject to the CCO. We define as S-type time-invariant variables those that remain unaltered after the CCO:
Examples of this type of variable are SIs (eqn. 1 1), Simax and Siin (eqn. 13), As, (eqn. 14) and Si (eqn. 19 Vol. 269 to zero, passes through the origin (see eqn. 22 and Fig. 2) Kurganov, 1978 
J-type S-type
The time courses of some enzymic reactions show 'lags' or 'bursts' under normal assay conditions (see, e.g., Neet & Ainslie, 1980 ). This phenomenon is associated with the existence of slow conformational transitions in the enzyme mechanism. In these cases the steady-state approximation is not valid, and therefore it is not possible to express the behaviour in time by eqns. (3). The existence of slow conformational changes may have major effects on the control of the time course of a variable, while having no effect on the control properties of the steady state of the system. Some concentrations of metabolites within a system appear to be linked by conservation constraints (e.g.
[NAD+] + [NADH] = constant). If the total concentrations of enzymes are negligible with respect to the concentrations of conserved metabolites to which they bind, the steady-state approximation is valid. In this frequently considered situation, as there is no significant sequestration of the conserved metabolites by the enzymes, when the CCO is applied eqn. (4) is also valid. Even if the total concentrations of the enzymes are of the same order as the conserved metabolite concentrations, the steady-state assumption may still be satisfied, provided that those concentrations are much smaller than the Michaelis constant (see Segel, 1988) . Owing to the low affinity' (large Michaelis constant) between enzyme and metabolite, the fraction of the metabolite in complexed form is still small. If, however, the total concentrations of the enzymes and the metabolites are of the same order, but greater than the Michaelis constant, the validity of the steady-state assumption is no longer ensured. Furthermore, in this condition there is considerable sequestration of the conserved metabolites, and we may expect significant deviations in the system variables when the CCO is applied (see Fell & Sauro, 1990 ).
The enzyme mechanisms mentioned above may be responsible for the appearance of departures from the quantitative relationships derived in sections 5 and 6. Furthermore, they may be the cause of a qualitative change in the dynamics of the system if a 'bifurcation point' is reached when the CCO is applied. Such situations, for example, may transform a sustained oscillation into a stable steady state, or vice versa.
QUANTIFICATION OF THE DEVIATIONS
The D-plots and R-plots may be used to test the existence of deviations from the predicted relationships (eqns. 21-24). Such a case is illustrated in Figs. 3(a) and 3(b) . Here we introduce additional plots to assess the quantitative importance of the deviations. These plots constitute a phenomenological description of the deviations. Furthermore, as we show below, they may be useful in the search of the origin of the deviations.
In There is a link between the values of the ordinates in a PPSplot and the summation relationships of control analysis. This is given in the Appendix. The construction of these plots is illustrated in section 11. 1990 11. EXAMPLE Here we show, by way of simulation, how the proposed plots can be used to test and quantify deviations. Although the example chosen is of a monomer-dimer equilibrium (eqn. 4 is violated), the same treatment can be applied to any of the deviations discussed in the preceding section.
We consider one metabolic pathway, whose structure is represented in Scheme 1. The first step is catalysed by an enzyme that presents a monomer-dimer equilibrium. XO and X1 are the constant source and sink concentrations respectively. S is the only metabolite whose concentration is free to alter. The rate for the first step is:
v, = am*M+2ad*D (25) where am and ad are the specific activities of the monomer and dimer subunits respectively. The total concentrations ofmonomer and dimer, M and D, appearing in eqn. (25) where v1 and v2 are given in eqns. (25) and (26) respectively. Fig. 3(a) shows the reference time course, a = 1, obtained for a particular set of reference parameter values (given in the legend to Fig. 3 ) and the time courses after application of the CCO using values of a different from 1. The corresponding curves (not shown) for the flux carried by the second step (flux 2) are obtained by substituting the instantaneous values of the metabolite concentration into eqn. (26). The R-plots corresponding to Fig. 3(a) are shown in Fig. 3(b) . The five curves in each R-plot do not coincide, and this fact is a positive test for the existence of deviations from the predicted relationship (eqns. 23). Similar results are obtained in the R-plot for flux 2 (not shown), which reveals significant deviations from eqn. (24). We here characterize and quantify these deviations at two different points of time, namely axt = 1 and the steady state. The values SI), appearing in Table 1 , are the ordinates corresponding to the abscissa at = 1 in the plot of Fig. 3(b) . The values Jal) are calculated from the ordinates (111/a) corresponding to the abscissa at = 1 of the R-plot corresponding to flux 2 (not shown). The steady-state values (S<S and J1S.) are the constant values attained after a 'long enough' time. From the steady-state values another time-invariant variable, namely the transition time of the system, can be calculated (Easterby, 1981 (Easterby, , 1986 : T = Sss/J". Table I shows how this value changes with a.
The PPS-plot, calculated from the data of Table 1 , appears in Fig. 4 . Here the deviations are different, for the different variables (concentration of S, flux 2 and r) and at (at = 1 and steady state, for time-dependent variables). Because of the values chosen for the parameters, the deviations are positive. In the case of the metabolite concentrations (S-type variables) positive deviations mean that, when the CCO is applied, the variable moves in the same direction as the enzyme concentrations. For the fluxes and the reciprocal of T (J-type variables) positive deviations indicate that the change in the variable is greater than the proportional increase expected when the CCO is applied with a greater than unity. It is important to note that the deviation for 5SS increases with a, whereas the deviations for the other metabolite concentration and fluxes decrease. These properties of the PPS-plot were obtained from the PPS-plot of Fig. 4 . The numerical simulations were carried out by using the program SCAMP (Sauro, 1986 Table 2) with the values of the ordinates, d., in Fig. 4 , although it is recognized that this need not generally be the case.
Eqns. (28) and (29) (Mortimer, 1958; Ciferri et al., 1969) . On the other hand, some enzyme concentrations (e.g. enzymes bound to membranes) may suffer significant changes (Hilger, 1973 (Stuart et al., 1986 ). Introduction of a regulatory mutant (cpc-J) decreases the concentrations of the enzymes by about 3-fold compared with their 'basal' (reference) concentrations in the wild-type. The effects on the flux to arginine of this substantial factorial change, however, are virtually buffered by a strong negative feedback inhibiting an early enzyme of the pathway. When grown in minimal medium, a comparison of the two strains shows only a 16 % decrease in the flux in the mutant. This feedback effect can, however, be abolished by growth on citrulline-supplemented medium, which effectively 'shortens' the pathway to the last three steps. When this is done, it is found that the 3-fold decrease in enzyme concentrations results in a 3-fold decrease in flux. In this instance, therefore, no evidence of deviations due to the last three enzymes is observed.
The non-existence of deviations, as a result of a CCO experiment, is informative by itself. This fact indicates that either the assumptions (eqns. 3 and 4) are fulfilled or their violation is unimportant concerning the behaviour of the variables. On the other hand, the discovery of deviations strongly suggests that the properties of one or more components of the network do not coincide with the assumptions made. Furthermore, a positive test for deviations shows that these features of the components have a significant effect on the behaviour of the variables when the enzyme concentrations are changed. The experimental design for performance of the CCO does not necessarily rely on a detailed knowledge of the structure of the metabolic system. However, if we want to have an interpretation of the deviations, the existing profuse amount of information concerning the structure of metabolic systems and the kinetic properties of its component reactions may be useful. This information (e.g. non-proportionality between a rate, vi, and an enzyme concentration, Ei) may suggest candidates for the 'cause' of the deviations in a variable of the system (Y). To test the candidate, the values of the Control and Elasticity Coefficients (e.g. C' and (7iTv -1) should be experimentally obtained, in the same conditions used when the CCO was applied (see section 11). We conclude that the CCO and co-ordinate-control plots may be used as a first approach to study the control properties oftime-dependent metabolic systems. They constitute a possible way to obtain relevant information and may guide the design of later experiments, leading to a deeper understanding of how metabolic networks work.
error introduced by the use of relatively large changes. It is easy to show that all D values are zero when the assumptions eqns. (3) and (4) of the main paper apply.
